Abstract: We present numerical results for the production of a W + W − pair in association with a jet at the LHC in QCD at next-to-leading order (NLO). We include effects of the decay of the massive vector bosons into leptons with spin correlations and contributions from the third generation of massive quarks. The calculation is performed using a seminumerical method for the virtual corrections, and is implemented in MCFM. In addition to its importance per se as a test of the Standard Model, this process is an important background to searches for the Higgs boson and to many new physics searches. As an example, we study the impact of NLO corrections to W + W − + jet production on the search for a Higgs boson at the LHC.
Introduction
The search for the Higgs boson at the Large Hadron Collider (LHC) will rely on analysing many types of events related to its different production and decay modes [1, 2] . If a Standard Model (SM) Higgs boson mass lies in the range 155 < m H < 185 GeV, the production of a Higgs boson that decays to W pairs, H → W + W − , is expected to be a significant channel. It could even be the discovery mode for the Higgs boson, particularly if the mass of the Higgs boson lies very close to the threshold for the production of W pairs, M H = 2M W . Note that the W -bosons can both be real (M H ≥ 2M W ) or virtual (M H < 2M W ).
There are two main mechanisms for producing a Higgs boson that leads to such final states at the LHC. The Higgs boson can be produced as the result of gluon fusion, with the Higgs boson coupling to an intermediate heavy quark loop ( Fig. 1(a) ), with further QCD radiation leading to additional jets being observed in the final state. Alternatively, the Higgs boson may be produced with a sizeable cross section via weak boson fusion (WBFsee Fig. 1(b) ), in which the decay products of the Higgs boson are naturally accompanied by two forward jets. Therefore the channel W + W − accompanied by 0, 1 or 2 jets will be subject to intense scrutiny at the LHC and all SM backgrounds should be investigated as fully as possible.
If such a Higgs boson exists, the W W + 0 jet sample is expected to contain events originating from a Higgs boson that is predominantly produced via gluon fusion, with the largest background being the normal QCD production of W W pairs. This signal has been calculated not only to NLO [3, 4] but also up to NNLO [5, 6] , whilst the NLO corrections to this background are also known [7, 8, 9] . If instead the sample is selected by requiring two forward jets then the putative Higgs boson is preferentially produced via the WBF mechanism. This is now expected to be the single most significant channel in the range 130 < m H < 190 GeV (see for example Ref. [10] ). In this case, the signal has been known to NLO for some time [11, 12, 13] , whilst the NLO calculation of the dominant background from the production of W W + 2 jets is currently unknown.
It has recently been suggested that the Higgs signal significance can be improved by considering also the final state which consists of the leptonic decays of W -pairs, plus at least one additional jet [14] . In this study, only a single jet is demanded at large rapidity. This has the effect of substantially reducing the backgrounds whilst not unduly compromising the signal because of the nature of the WBF events. This renders such a search feasible, albeit with significant SM backgrounds whose size should clearly be assessed beyond the LO approximation. Dominant among these is the production of W W +jet, the NLO corrections to which we present in this paper. Since the final state is identified through the leptonic decay modes of the W + W − system to ℓ + ℓ − and missing energy, we include in our calculation the leptonic decays of the W 's and their spin correlations 1 . The calculation is performed using a recently-developed semi-numerical method for computing virtual 1-loop corrections [16, 17, 18] .
The importance of this calculation has already been recognized by its appearance on the list of next-to-leading order priorities assembled at the Les Houches workshop in 1 In the final stages of preparation of this paper, an independent calculation of this process has been presented [15] . The results of that calculation appear consistent with the ones indicated by this paper, although Ref. [15] does not contain an evaluation of the NLO corrections at a specific phase space point that we could exactly compare with in a straightforward way. We note however that the calculation of Ref. [15] does not include the decay products of the W bosons and their correlations. boson and for other signals of new physics at the LHC. Nevertheless, the W W +jet process is interesting in its own right as a test of our theoretical understanding of the SM. In the same way that the SM has been probed experimentally at the Tevatron by measurements of the W W and W + jets cross sections (for recent examples, see Refs. [20] and [21] ), the rate of events at the LHC will allow similar studies of W W +jet events at even higher energy scales. In addition, this calculation is a necessary stepping stone to highly-desired NLO calculations of 2 → 4 processes such as the aforementioned W W + 2 jet process [19] , as well as W + 3 jet production.
The structure of the paper is as follows. In section 2 we discuss the overall structure of the calculation, with attention paid to the finite contribution arising from internal loops of massive quarks. Section 3 presents the results of our calculation with two types of event selection, one indicative of a typical inclusive analysis at the LHC and the other relevant for a search for the Higgs boson. To that end, we perform a parton-level analysis of all the major background processes using the general purpose NLO program MCFM [8] . Our conclusions are contained in section 4. Finally, the appendices consist of analytical results for some of the massive triangle diagrams that appear in our calculation, together with explicit numerical results for the 1-loop corrections at a particular phase space point.
Structure of the calculation

Lowest order
Let us consider as the lowest order, O α 4 ew α s , reference process the one in which the up quarks annihilate into a W + W − pair,
The Feynman diagrams and the momentum assignments are shown in Fig. 2 . All momenta are outgoing. The results for a positive helicity gluon and left handed quark line are determined in terms of the two primitive amplitudes given below [22] 
If needed one can also introduce a width for the Z-boson. To do this in a gauge invariant (though not unique) way one can multiply the whole amplitude by an additional factor [23, 24] ,
To obtain the full amplitude the results of Eqs.(2.2, 2.3) must be dressed with appropriate couplings,
where the couplings C L,{u} and C R,{u} that appear will be defined shortly and H is an overall factor given by,
The corresponding results for processes involving d quarks can be written as follows,
where we now specify the left-and right-handed couplings of up-and down-type quarks as,
(2.10)
In these formulae, T f 3 = ± 1 2 and t A ij is the colour matrix in the fundamental representation for the emitted gluon, normalized so that Tr(t A t B ) = 1 2 δ AB . g s represents the strong coupling and the weak coupling is related to the Fermi constant by g 2
The extra sign for the d-type quarks is due to the fact that the triple boson term does not require the shift (3 ↔ 5, 4 ↔ 6) when we go from u to d. If it is included anyway then an extra minus sign results.
The leading order cross-section is obtained by considering all possible crossings of the quarks and gluon and by summing the squared amplitudes for all final state helicities and averaging over the spin and colour of the initial state partons. At leading order the crosssection receives contributions from processes with an incoming quark-antiquark pair or with one (anti-)quark and one gluon in the initial state.
Real corrections
The real matrix element corrections to W + W − +1 jet production are obtained by including all crossings of results for the two basic processes,
(2.11)
These tree-level matrix elements have been checked against the results of Madgraph [25] .
At O α 4 ew α 2 s the cross-section receives contributions from processes with two incoming gluons and a(qq)-pair as well. Soft and collinear singularities are handled using the dipole subtraction scheme [26] . 
Virtual corrections
For the virtual corrections we have to consider one-loop QCD corrections to the tree-level processes in figure 2. We have altogether 30 diagrams where the W -bosons are attached directly to the incoming quark lines and which result from dressing the diagrams of figure 2(a) with virtual gluons. In addition, we have the 6 diagrams of Fig The massless contribution to the virtual matrix elements have been computed using the semi-numerical approach presented in Refs. [16, 17, 18] based on Davydychev reduction of tensor integrals followed by scalar reduction of higher dimensional scalar integrals. Results were checked using a second method based on Passarino-Veltman reduction [27] . The method is considerably more efficient than the one used for [28, 29, 30] since we have now a booking of computed integrals not only for higher dimensional scalar integrals, but also for tensor ones.
An additional complication compared to the applications of the semi-numerical method considered before is that we have closed fermion traces involving one or two γ 5 matrices. We adopt the t'Hooft-Veltman prescription and split γ µ matrices into a four-dimensional partγ µ which anti-commutes with γ 5 and an ǫ-dimensional partγ µ which commutes with 
For the massive contributions we have to consider box diagrams with two W bosons attached to the loop, shown in Fig. 3 and triangle diagrams where a Z boson is attached to the quark loop shown in Fig. 4 . We computed the triangle diagrams both fully analytically (results are given in App. A) and numerically using LoopTools [31] . Box integrals have been computed only numerically. Results for these amplitudes, as well as for the massless amplitudes, are given in Appendix B for one randomly chosen phase space point.
The whole calculation is incorporated into a private version of the general-purpose next-to-leading order code MCFM [8] . The code is flexible enough to allow running with on-shell or off-shell bosons.
Results
In the following we present for results for W + W − + jet production at the LHC (pp collisions, √ s = 14 TeV). We use the following electroweak parameters:
and furthermore we have,
For the calculation of W W +jet at NLO (LO) we use MRST2004f4nlo (MRST2004f4lo) parton distribution functions corresponding to α s (M Z ) = 0.1137 (α s (M Z ) = 0.1251) [32] . Furthermore we use a four-flavour running and four-flavour evolution of pdfs and the sum over partons in the incoming protons runs over light partons only (d, u, s, c). When we consider the Higgs search in section 3.2 we use standard, five-flavour parton densities with five-flavour running of the coupling for the signal processes and all backgrounds other than W W +jet. Specifically, we use MRST2004 [33] . To define a jet we run the inclusive k T algorithm with R = 0.6. In the following we consider two sets of cuts, a more inclusive one and one designed to suppress QCD W + W − + 1 jet events and other backgrounds compared to H(→ W + W − ) + 1 jet.
Inclusive cuts
We consider first a fairly minimal set of cuts to examine the effect of the NLO corrections to the W W +jet process in an inclusive study. We require at least one jet with,
and then some basic requirements on the decay products of the W 's: a minimum missing transverse energy and two opposite sign charged leptons with,
Furthermore we require the leptons to be isolated, i.e. we impose,
Together, we refer to the cuts in equations (3.2), (3.3) and (3.4) collectively as "cuts I". In figure 5 we plot the total cross section with cuts I. We fix the renormalization scale (or the factorization scale) to be equal to 80 GeV and vary the other scale around this value. We see that the NLO correction is sizeable, of the order of 25%, and that this is not covered by the scale variation of the LO prediction. While the factorization scale dependence is quite mild both at LO and at NLO, the dominant variation is due to the renormalization scale. This dependence is reduced by roughly a factor two at NLO. Since our calculation is implemented in the parton-level Monte Carlo program MCFM, we are also able to examine the effect of the QCD corrections on any infrared-safe observable. In Figure 6 we compare the LO and NLO predictions at µ F = µ R = 80 GeV for a few examples of distributions that are often important in experimental analyses: the rapidity η jet of the leading jet, the azimuthal angle ∆φ eµ between the two charged leptons, the invariant mass of the two charged lepton system M eµ and the transverse mass of the W + W − pair defined as in Ref. [34] ,
where,
We have rescaled the LO prediction by the K-factor which can be read out of table 1 so as to be able to compare the shapes of the distributions. The results indicate that the shapes of the LO distributions are mostly unchanged at NLO.
Application to the Higgs search
As mentioned already, the W W +jet process is expected to be a significant background to the H(→ W W )+jet search channel at the LHC. In this channel there are two mechanisms by which the Higgs boson can be produced:
(a) Higgs production via weak boson fusion, e.g.
for which the characteristic signal is two jets at large rapidities and the Higgs decay products in the central region, which contains little jet activity.
(b) Higgs production via gluon-gluon fusion
where the basic interaction between the Higgs boson and the gluons is via a top quark loop, which is usually treated in the infinite top quark mass limit. Although the QCD partons are indicated by gluons, the inclusion of diagrams with gluons replaced by quarks is understood.
The NLO corrections to process (a) are well-known [11, 12, 13] and small, at the level of a few percent. In contrast, process (b) receives quite large corrections at NLO [35] . Both of these signal processes are included at NLO in the program MCFM. In order to make a more reliable assessment of the viability of this search channel we will examine the effect of the inclusion of NLO corrections to both signal and background processes when using typical search cuts [14] . These cuts are designed to enhance the WBF process (a), whilst suppressing the large QCD backgrounds. We will be particularly interested in examining the behaviour of the W W +jet process in the search region. The background processes which we will consider are as follows.
(c) QCD production of W -pairs plus a jet, the process for which we have calculated the NLO corrections in this paper,
where diagrams related by crossing are understood.
(d) Associated single top production,
in which the top quark is produced from a b-quark in one of the incoming protons. The NLO corrections to this process have been known for some time and are typically fairly small [36, 37] . They are also implemented in MCFM.
(e) Top pair production,
for which the NLO corrections are known and sizeable [38] . In this study events in which two W 's and only one b-quark are observed are considered part of the NLO corrections to process (d). This background assumes that both b-quarks are observed and it contributes because our signal contains one or more jets. Although the corrections to the tt process are included in MCFM, this does not include the decay of the top quarks. Since we require cuts on the leptons produced in the top quark decays, we therefore limit our study of this process to LO only.
(f) A process analogous to the one which we consider in this paper, Z-pair+jet production,
The NLO corrections to this process are currently unknown and could be computed precisely as those for→ W W + g presented in this paper. Accordingly, MCFM implements currently only the LO contribution. We will see however, that the crosssection for this process is very small, so that no NLO corrections are required.
(g) The production of W -pairs by EW processes, e.g.
This process is known at NLO [39] , but is not implemented in MCFM. Given that its cross-section turns out to be very small, we have calculated only its leading order contribution by using the Madgraph package [25] .
In order to suppress the backgrounds (c)-(g) with respect to the Higgs boson signal processes (a) and (b), we follow the strategy of Ref. [14] and apply cuts on four additional variables. The shapes of the distributions for both the signal and backgrounds are shown in Figure 7 , with only the inclusive set of cuts ("cuts I") applied. The signal processes are calculated using a putative Higgs mass of 170 GeV, above the threshold for production of two real W 's.
In these figures all the curves have been normalized to unit area to indicate only their shape, with the corresponding cross sections given in table 1. We notice that with cuts I the tt process is by far the dominant background. Furthermore, since process (g) has only a very small cross section even with this minimal set of cuts, we do not plot the corresponding distributions in Figure 7 and do not consider it in the analysis any further.
From these plots, it is clear that WBF production of the Higgs boson is associated with two jets forward in rapidity. Therefore, in addition to our previous selection ("cuts I"), we require that the leading jet and the second jet, if present, should be in the forward region,
Furthermore, the azimuthal angle between the charged leptons and their invariant mass should satisfy, The first of these cuts is a clear discriminator between the two Higgs boson signals and all the backgrounds, whilst the second particularly discriminates against the background from ZZ+jet and top quark events. We refer to the cuts in equations (3.14) and (3.15) as "cuts II".
In figure 8 we examine the scale dependence of the W W +jet background cross section with the additional cuts applied. There is a very large increase in the cross section going from LO to NLO and we see very little improvement in scale dependence. These very large corrections are typical of calculations in which new sub-processes enter at NLO. For W W +jet, the only contributions at LO are from qq, qg andqg initial states. At NLO, in the real radiation term, one has also gg and(qq) initial states. In particular, the qq-type processes are very similar kinematically to the WBF Higgs signal. Therefore when cuts II are applied, there is a large contribution from theinitial state since the cuts cannot suppress such "signal-like" sub-processes.
The cross sections for the signal and background processes, after both cuts I and II have been applied, are collected in table 2. From the cross sections given in this table we see that the cuts have been effective in reducing the backgrounds compared to the signal processes. Comparing with table 1, we see that the WBF signal process is reduced by about a factor of 2 and the gluon fusion process by a factor of 3.5. In contrast, the huge backgrounds from top pair production and single top production have been reduced by factors of about 300 and 30 respectively. The ZZ+jet process has been rendered negligible as a background by the cut on the invariant mass of the lepton pairs. For the W W +jet process which we have calculated in this paper, the cuts reduce the cross section by a factor of 20 at LO. However, since the NLO correction amounts now to around 70%, the overall reduction of the QCD production of W W + 1 jet at NLO is only by a factor of about 14. As a result this process is the dominant source of background events in our We note however that we have not included NLO effects in the estimate of the top pair background. For the totally inclusive top cross section, using our choice of parameters, the enhancement from LO to NLO corresponds to a K-factor of approximately 1.5. It is therefore reasonable to expect that the top pair cross section would also increase at NLO in the phase space region selected by cuts I and II. Therefore we expect the W W +jet and tt backgrounds to be comparable and a significant source of background events in this channel.
Conclusions
In this paper we have computed the NLO QCD corrections to the production of W pairs in association with a jet at hadron colliders, a calculation highly desired by the experimental community [19] . The calculation is performed using a semi-numerical approach and implemented in the general purpose NLO code MCFM. We find that, for cuts typical of LHC analyses, in which a jet is defined with transverse momentum above 30 GeV, the effect of the QCD corrections is to increase the cross section by 25% for our default scale choice (µ F = µ R = 80 GeV). Dependence on the renormalization and factorization scales at NLO is mild and is decreased by about a factor of two compared to LO.
We have also performed a parton level analysis of the impact of these QCD corrections on the search for a Higgs boson of mass 170 GeV at the LHC, using the channel H → W + W − + jet. Including the effect of NLO corrections also in the signal processes, Higgs production by gluon fusion and by WBF, we find that the W W +jet background is one of the dominant backgrounds and is comparable to the WBF signal. In this analysis we have used a tighter set of cuts to select the WBF events and to suppress the large QCD backgrounds. We find that these cuts enhance the effect of the NLO corrections to W W +jet, which now increase the LO cross section by 70% in this region. We conclude that any studies of the Higgs boson search in this channel must take into account this significant correction to the number of expected background events. 
A. Triangle-Z production diagrams
In this appendix we give analytical results for triangle diagrams where a Z is emitted from a closed fermion loop. Contributions where a Higgs is emitted are included in the signal process b), eq. 3.8. Results are valid for an arbitrary value of the mass m of the quarks in the loop.
We calculate the triangle shown in Fig. 9 , where all momenta are outgoing k 1 +k 2 +k 3 = 0 and to begin with k 2 1 = 0, k 2 2 = 0. The result for the two triangle diagrams (including the minus sign for a fermion loop) is,
The most general form of Γ consistent with QCD gauge invariance,
can be written as,
The results for the coefficients F i are [40, 41, 42] ,
where, 6) and k 3 = (k 1 + k 2 ) 2 . For the particular case at hand we are interested in k 2 2 = ε.k 2 = 0, so we get a contribution from F 1 , and in the case of off-shell W 's from F 3 . In this limit we obtain,
, (A.8)
We now make the identification of the momenta
to calculate the physical process. To get the contribution to our process we have to multiply T µνρ given in Eq. (A.1) by the tensor L, dependent on the helicity of the (12)-line and the polarization of the gluon ε ν (p 7 , h 7 ) with momentum p 7 . A left handed quark line adds a factor,
The decay of a Z splitting to a pair of W -bosons (which both decay to leptons) adds a factor,
Collecting terms we may define Λ µνρ as,
where
So the amplitude with a heavy doublet circulating in the loop is given by,
) .
Note that with these definitions the overall factor H is the same as in Eq. (2.7) except for the extra factor of g 2 s 16π 2 and a sign from 2T f 3 depending on whether a top or bottom quark is circulating in the loop.
Defining The cases h 1 = +1, h 7 = ±1 are simply given by, ) for a randomly chosen phase space point.
B. Explicit numerical results
In this section we present explicit numerical results for one phase space point for the independent amplitudes entering the one-loop cross sections.
We define the one-loop virtual amplitudes analogously to Eqs.(2.6, 2.8, A.14 and A.18), e.g. 
